Abstract: In this paper, 1D sampling which exploits the symmetry of the phaseless planar near-field distributions of antenna is presented to reduce sampling points and the measuring time of the phase retrieval method. Not only the accuracy of the estimation but also the tolerance of probe-positioning error of sampling points are necessary in high frequency measurements because of its short wavelength. Using 1D sampling including the probepositioning error, the far-field pattern is estimated with sufficiently small error in the simulation. In the measurement, the far-field can also be estimated from 1D near-field including probe-positioning error. Keywords: far-field estimation, near-field measurement, phase retrieval, probe-positioning error, reducing sampling points, 1D sampling Classification: Antennas and Propagation 
Introduction
In high frequency, the error of the near-field phase measurements of an electric field distribution of antennas becomes large because of its short wavelength. To avoid this problem, the phase retrieval (PR) method is suggested [1, 2] in order to estimate the near-field phase distributions from the phaseless near-field distributions. In conventional studies, decreasing sampling points on the near-field planes is proposed to decrease measuring time [3] . It also requires decreasing the effects of the probe-positioning error on each sampling points for precise estimation [4] . In this paper, we present 1D sampling of near-field of antennas for PR method and show the result of far-field estimation with probe-positioning error [5] .
2 Reducing sampling points for phase retrieval method 2.1 Phase retrieval method Fig. 1(a) shows sampling planes of PR method. W 0x , W 0y , W x and W y are the width of aperture and sampling planes, assuming that an aperture plane on z ¼ 0 and two sampling planes on z ¼ d 1 ; d 2 in near-field of the antenna under test (AUT). The electromagnetic fields on the aperture plane are estimated from the fields on planes 1 and 2, by the field transformation between the AUT aperture plane and sampling planes. Assuming equivalent magnetic current Mðr 0 Þ on S 0 is the radiation source, electric field on two sampling planes E i ðr i Þ (i ¼ 1; 2) can be calculated by field transformation formula between planes (Eq. (1)) [6] . 
In PR method, phaseless near-field distributions jE i;mea j on two sampling planes are needed to estimate their phase distributions ffE i;est . The flowchart of PR method is shown by Fig. 1(b) . Uniform phase distributions are assumed as the initial ffE ð0Þ i on all planes, where the superscript (k ¼ 0; 1; 2; . . .) is the current number of iterations in PR method. The estimated and sampled fields are expressed as subscript "est" and "mea". In each iteration, the estimated amplitude distributions on sampling planes are replaced with the measured ones.
1D sampling method to reduce sampling points
In PR method, two square sampling planes on xy-plane are considered and N Â N points are 2-dimensionally sampled on each planes. When the near-field amplitude distributions Eðr i Þ are symmetric patterns about x and y-axes, using 1-dimensionally sampling along each axes, the 2D near-field amplitude distribution Eðr i Þ can be approximated by the following formula.
x i and y i denote the position in x and y directions. E x ðx i Þ and E y ðy i Þ are N points near-field patterns that are 1D sampled along each axis, therefore 1D sampling needs only 2N points on each planes. The number of sampling points can be reduced to 2=N on each planes. Note that they mean the axial direction, not the polarization. In PR method, approximated phaseless 2D near-field distributions of Eq. (2) are used in consideration of 1D sampling method.
Result of estimation with probe-positioning error
Two cases are considered in the simulation and measurement for estimation with PR method. In each consideration, the estimation results from 1D sampling method are compared with that from 2D sampled pattern. The probe-positioning error occurs on each sampling points of both 1D and 2D sampled pattern. The error evaluation is shown by estimated far-field, which is calculated from sampled amplitude and estimated phase distribution on plane 2 using the near-field far-field transformation. Exact far-field patterns are calculated from measured or calculated near-field amplitude and phase distribution.
Simulation results
In the simulation, the near-field distributions are calculated by method of moment. 23 dBi horn antenna is used as AUT, which the frequency is f ¼ 75 GHz, i.e. the wavelength ¼ 4 mm. The position of planes are
and 64 Â 64 sampling points on each planes. The number of iteration in PR method is k max ¼ 1000. In consideration of probe-positioning error, due to the error along xy-plane jÁxj; jÁyj is different in character from that along z-axis jÁzj, two case are considered: (1) random error jÁxj; jÁyj 0:5 mm and jÁzj ¼ 0, (2) uniform error jÁzj 0:5 mm and jÁxj; jÁyj ¼ 0. The result of estimation is shown in Fig. 2 . As the result of the case (1), the error main-lobe angle and −10 dB width are less than 1°in both the result from 1D sampling and that from 2D sampling. In the result from 2D sampling, the maximum gain error is less than 0.6 dB and the side-lobe level (SLL) error is 0.1 dB. In the result from 1D sampling, the maximum gain error is less than 0.4 dB and the SLL error is 0.6 dB. On the other hand, in the case (2), the error main-lobe angle and −10 dB width are 0°in both results from each sampling.
The maximum gain error is less than 0.2 dB and the SLL error is less than 0.5 dB in both results. Using 1D sampled pattern, error of the estimated far-field is less than 1.0 dB when the far-field is more than −15 dB.
Measurement results
In the measurement, near-field distributions are calculated using a 120 Â 120 mm planar array antenna whose shape is axisymmetric with probe-positioning error in unknown range. 1D sampled near-field distributions are extracted from 2D measured patten because the near-field distributions are 2-dimensionally measured, and the frequency is f ¼ 61 GHz, i.e. the wavelength ¼ 4:9 mm. Fig. 3 .
Comparing with directly measured far-field, the null direction and symmetry of the pattern appear in far-field that is calculated from near-field. The far-field that is calculated from measured phase distribution is therefore considered to be more exact far-field pattern. In the result from 2D sampling, the main-lobe angle error is less than 0.5°, the −10 dB width error is less than 0.2°and the SLL error is less than In the result from 1D sampling, both the main-lobe angle error and the −10 dB width are less than 0.1°. The SLL error is 0.0 dB on H-plane, however 11.0 dB on E-plane. Using 1D sampled pattern, error of estimated far-field is less than 1.0 dB where far-field is more than −10 dB.
Conclusion
In this paper, we proposed 1D sampling method for estimation of phase of electric near-field distribution with PR method where near-field distributions are axisymmetric pattern. Two antennas in simulation and measurement are considered as AUT, and their far-field are estimated with the probe-positioning error along xyplane and z-axis. Employing 1D sampled pattern, the far-field of a simulated horn antenna is estimated with the error which is less than 1.0 dB where the far-field is more than −15 dB. The far-field of a measured array antenna is also estimated with the error which is less than 1.0 dB where the far-field is more than −10 dB. As the result, the accuracy of 1D sampling method for PR method is shown to be sufficient. 
